The present study aimed to assess the impact of peritumoral artery characteristics on renal function outcome prediction using a novel Peritumoral Artery Scoring System based on computed tomography arteriography. Peritumoral artery characteristics and renal function were evaluated in 220 patients who underwent laparoscopic partial nephrectomy and then validate in 51 patients with split and total glomerular filtration rate (GFR). In particular, peritumoral artery classification and diameter were measured to assign arteries into low, moderate, and high Peritumoral Artery Scoring System risk categories. Univariable and multivariable logistic regression analyses were then used to determine risk factors for major renal functional decline. The Peritumoral Artery Scoring System and four other nephrometry systems were compared using receiver operating characteristic curve analysis. The Peritumoral Artery Scoring System was significantly superior to the other systems for predicting postoperative renal function decline (p < 0.001). In receiver operating characteristic analysis, our category system was a superior independent predictor of estimated glomerular filtration rate (eGFR) decline (area-under-the-curve = 0.865, p < 0.001) and total GFR decline (area-under-the-curve = 0.796, p < 0.001), and split GFR decline (area-under-the-curve = 0.841, p < 0.001). Peritumoral artery characteristics were independent predictors of renal function outcome after laparoscopic partial nephrectomy.
. A negative surgical margin, no perioperative complications, and 90% renal function preservation comprise the trifecta outcome, which is used to determine an ideal PN outcome 4, 5 . Several nephrometry scoring systems predict surgical complexity and perioperative complication risk before surgery based on renal tumor anatomical complexity [6] [7] [8] . However, these systems have limited predictive value for postoperative renal function decline, which has a major impact on the 'trifecta' outcome 9, 10 . Numerous studies have demonstrated that tumor-renal anatomical characteristics affect postoperative renal function decline, but few have focused on the relationship between tumor-renal artery anatomy and outcome.
The primary aim of this study was to assess the impact of peritumoral artery characteristics on renal function outcomes, and to introduce our Peritumoral Artery Scoring System (PASS), which is based on three-dimensional (3D) computed tomography arteriography (CTA). We also examined the predictive value of PASS for renal function decline. Multivariable logistic regression revealed that PASS was significantly superior in predicting ePD10 compared with other perioperative conditions (Table 3) . A higher risk category assignment was significantly associated with ePD10. The receiver operating characteristic (ROC) curve analyses of the predictive value of the five nephrometry systems for ePD10 are shown in Fig. 3 . PASS was a superior independent predictor of ePD10 for short and long-term outcomes compared with the other systems, and there were considerable differences between the systems (Fig. 3) .
Patient characteristics
Results were validated in an independent cohort (Table 4) and showed superior prediction power of PASS in both split and total postoperative GFR decline (Fig. 4) .
Discussion
Because multiple small renal masses have low oncological potential, renal functional outcomes of PN contribute significantly to postoperative outcome. Several preoperative and surgical factors have an impact on postoperative renal function after PN, whereas decreasing warm ischemia time (WIT) and minimizing resected parenchymal volume (RPV) are the highest priorities for surgeons who wish to achieve maximal renal function preservation 11 . In patients with normal preoperative kidney function, who have WIT within acceptable limits, RPV has been suggested as the primary determinant of long-term functional outcome after PN 12 . Recently, several studies showed that having no functional residual renal volume and postoperative renal recovery can also affect postoperative renal functional outcome which was difficult to have precise prediction before surgery [13] [14] [15] . Advances in PN techniques have helped to maximize parenchymal volume preservation, leading to the need for a new parameter to predict RPV-unrelated postoperative ePD10 16, 17 . The renal arterial network consists of the main renal artery, anterior and posterior divisions, and segmental, interlobar, arcuate, and interlobular arteries. Renal artery variants have major clinical implications for the advancement of safe LPN practice 18, 19 . Common variants include the presence of accessory renal arteries, variable points of the renal artery dividing it into the anterior and posterior divisions, and variable origins and courses of segmental renal arteries [17] [18] [19] . Spaliviero et al. presented a scoring system based on artery-containing tumors 20 . They showed significant associations between higher category classifications and prolonged ischemia time, more estimated blood loss, and higher urinary fistula risk, but they failed to demonstrate any association with renal function outcome. Despite the small cohort, this study focused on artery-containing tumors, but not the peritumoral arteries, which might be affected during surgery.
The present study defined two major peritumoral artery parameters for evaluation, PAC and PAD, which showed good correlation with long-term renal function outcomes in discovery. Because PAC and PAD were correlated, they were combined in the PASS design. For PAD, 2 mm was a good cut-off value for the prediction of outcomes. MPA was not associated with outcome.
A high or moderate PASS risk category (PAC ≥ III) was significantly associated with renal function decline. To study the mechanism behind this clinical finding, we reviewed the anatomy features of renal artery divisions and here proposed two possible explanations. Firstly, PAC III (segmental artery) reflected a good cut-off value for the prediction of outcomes, because end arteries do not provide adequate collateral circulation 16, 17 . Segmental artery ligation causes irreversible ischemia to the kidney segment and subsequent segmental renal infarction 18 . Surgical injuries and postoperative scar tissue formation could cause hemodynamic changes in the affected artery and decrease effective renal plasma flow, leading to a decrease or loss of function in residual renal volume and cause clinical renal function decline 17, 18, 21 . Secondly, we also observed that tumors of high or moderate PASS risk has significantly higher RENAL nephrometry scores and longer WIT than those of low PASS risk, which indicated PASS risk was associated with tumor complexity. Usually a big, endophytic tumor has more possibility of contact or be close to superior renal artery division 6, 8, 20 . Both high tumor complexity and presence of superior peritumoral artery would increase the difficulty of resection and renorrhaphy procedure under laparoscopy and prolong the WIT, which eventually cause clinical renal function decline 22, 23 . In the present study, a high PASS risk category was significantly associated with ePD10, GFR percent decline of ≥10% in total renal function (tGPD10) and GFR percent decline of ≥20% in operated renal function (oGPD20). PASS was a superior to other nephrometry systems as an independent predictor of and long-term renal function decline, demonstrating that not only RPV, but also peritumoral artery characteristics affect outcome after LPN.
In discovery cohort, both PASS and Resected and ischemic volume (RAIV) 13 showed good correlation with ePD10 during multivariable analysis, while only PASS showed great prediction value of tGPD10 in validation. For prediction power comparison, PASS had a higher AUC than RAIV and other 3 nephrometry systems.
Technique repeatability is an important determinant of practical use. Therefore, the evaluation of CTA measurements, such as diameter and artery segmentation, is key in the repeatability of PASS. The PASS utilized volume rendering (VR) to identify the artery segment and Maximum Intensity Projection (MIP) to evaluate the peritumoral-artery relationship because both measurements are easy to perform using a 3D model. Moreover, Table 2 . Clinical variables and renal function outcomes of validation cohort. PASS = Peritumoral Artery Scoring System; IQR = interquartile range; ASA = American Society of Anesthesiologists.
most imaging stations permit the measurement of VR and MIP. When using 3D CTA for PASS, we recommended that evaluation should be taken in the horizontal and coronal planes. Although strict measurement criteria were not applied, the measurement concordance between the two observers demonstrated the robustness of the PASS. The present study had limitations because of its retrospective, single study nature. We have registered a prospective, observational, multi-institutional cohort study (ChiCTR-DDD-17010889) to validate the utility of the PASS and improve its accuracy in clinical practice. 
Conclusions
Peritumoral artery characteristics were an independent predictive factor of long-term renal function outcomes after LPN. The PASS based on 3D CTA showed a superior capacity to predict long-term major renal function decline and recovery compared to other nephrometry systems. This study highlights aspects to consider when planning surgical strategies to improve patient safety and long-term clinical outcome.
Methods and Materials
Patients and renal function assessment. After Renal function was based on serum creatinine (Scr) and eGFR; the latter was based on the modified abbreviated Modification of Diet in Renal Disease equations 24 . Short and long-term postoperative renal function was recorded at approximately three and twelve postoperative months, respectively. For the validation cohort, renal function was evaluated based on split and total GFR measured preoperatively and at the end of the 12-months postoperative follow-up by 99 Tc m DTPA nuclear renal scintigraphy. Postoperative change in renal function was quantified by the decline in GFR, evaluated for both the operated kidney and for both kidneys combined. An eGFR/GFR percent decline of ≥10% in total renal function or GFR percent decline of ≥20% in operated renal function was considered as major postoperative renal function decline as defined in the 'trifecta' outcome 5, 6 . Surgical specimens were processed using standard pathologic procedures and were evaluated by two experienced pathologists according to the American Joint Committee TNM classification. Surgical margin status was reported.
Computed tomography arteriography. All CTA examinations were performed using a 64-multidetector computed tomography scanner (VCT LightSpeed, GE Healthcare, Pittsburgh, USA). Patients drank 1000 ml of water before the examination. Four phase images were obtained in a craniocaudal orientation. The unenhanced and arterial, portal, and nephrographic excretory phases spanned the kidneys, the area from the diaphragm to the lower kidney poles, and the kidneys to the symphysis pubis, respectively. Contrast-enhanced images were obtained after intravenous administration of 150 ml of non-ionic contrast medium (Iopamiro, Bracco, Milan, Italy). The scanning parameters of each phase were 110-380 mA, 1.25-mm, and 1.375 of tube current, using current modulation software, collimation, and pitch, respectively. Unenhanced nephrographic and excretory phase scans were reconstructed as 1.25-mm sections. The arterial phase images were reconstructed at 0.725-mm intervals.
Surgical procedures. Procedures were performed by two senior laparoscopic specialist kidney surgeons.
En-bloc hilar clamping to the main renal artery was maintained during tumor excision and renal reconstruction. The renal capsule was incised 3-5 mm from the tumor edge after clamping, and an incision was made between the pseudocapsule and normal renal parenchyma. Subsequently, the tumor was separated from the surrounding parenchyma following the natural plane. The tumor was enucleated along the pseudocapsule during closure of the bottom or approaching the renal sinus. Conventional postresection renorrhaphy was performed. On histopathological review, the mean parenchymal width was 5 mm.
Peritumoral artery categorization on CTA and PASS design concept. Peritumoral arteries were defined as the renal arteries within 5 mm of the tumor edge, based on the mean parenchymal width. The peritumoral artery was categorized according to the anatomic renal artery division into six classes: peritumoral artery Table 4 . Univariable and multivariable logistic regression for perioperative factors associated with postoperative tGPD10 and oGPD20 in validation cohort.
classification (PAC) I, renal artery (arteries, if accessory renal arteries exist); II, anterior and posterior divisions; III, segmental arteries; IV, interlobar arteries; V, interlobar artery branch and arcuate arteries; and VI, no visible peritumoral artery (N/A). The peritumoral artery diameter (PAD) was also measured. If multiple peritumoral arteries (MPA) existed, the peritumoral artery with the higher classification was used for PAC and PAD. CTA images were reviewed by a urologist and a radiologist who specialize in urologic radiology. The inter-observer agreement was calculated. All readouts were performed using an imaging workstation. The individual use of windowing, multiplanar reformations, maximum intensity projection reformats, and VR was allowed, and PAD was measured by 3D VR. PAC was also determined using the VR method. PAD was noted as the average of two measurements. Minimal PAD was limited to 0.5 mm for better inter-measurement repeatability. PASS was designed to offer a simple and maneuverable anatomically based system for the analysis of PAC and PAD, and to distinguish the tumor subgroups with differing risks for ePD10 after LPN (Fig. 1) . PASS-Low risk was defined as PAC IV, V, or N/A and PAD < 2 mm. PASS-Moderate risk was defined as PAC III or PAD ≥ 2 mm. PASS-High risk was defined as PAC I or II with any PAD.
Statistical Analyses. Analyses were conducted using SPSS ® version 21 (IBM Corp., NY, USA). Patient and tumor characteristics were examined using Pearson chi-square and Fisher's exact tests. Interobserver agreements were assessed using the method proposed by using ICC. ICC values 0-0.20, 0.21-0.40, 0.41-0.60, 0.61-0.80, and 0.81-1.00 reflected slight, fair, moderate, substantial, and excellent agreement, respectively. Univariable logistic regression analysis was used to assess the relationships between renal function outcome and peritumoral artery parameters. Multivariable binary logistic regression analysis was used to evaluate PASS-based prediction of renal function decline when adjusted for perioperative variables (age, hypertension, diabetes, WIT, and tumor size). Five nephrometry systems were included into ROC analysis: PASS, RAIV 13 , Arterial based complexity (ABC) scoring system 20 , RENAL 6 , and PADUA 8 . The predictive values of these five nephrometry systems were compared using ROC and area-under-the-curve (AUC) analysis by calculation with a nonparametric distribution assumption for ePD10, tGPD10 and oGPD20 in the discovery cohort and validation cohort. A P value < 0.05 was considered as statistically significant.
